Human activities usually leave footprints in the environment. By using 454 pyrosequencing, the impact of effluent from an industrial park on the coastal microecology in Hangzhou Bay, China, was interpreted by analysing the microbial communities of the activated sludge from three wastewater treatment plants and the sediment from the effluent receiving area. Based on richness and biodiversity, the sediments were more diversified than the activated sludge, although the seawater environment was highly contaminated. Both bacterial and archaeal communities were niche-determined. The bacterial phylum Proteobacteria dominated in all samples; and certain pollutant-resistant genera, such as Thauera and Truepera, were found in all samples. Archaeal phyla Euryarchaeota and Thaumarchaeota dominated the activated sludge and sediment samples, respectively. According to the analysis of shared operational taxonomic units (OTUs) and reads among different samples, more bacterial OTUs and reads were shared between two samples from sites with a direct effluent connection, showing a clear correlation between the wastewater treatment plants and the effluent receiving bay area. The impact of second-hand pollution can be evaluated by comparing the bacterial community in different eco-environments with a direct effluent connection, especially when pristine samples are not available.
Introduction
With the advances in molecular biotechnology, microbial community structure, one of the most sensitive indicators of environmental change caused by human activities (Turco et al., 1994) , has been increasingly assessed in various environments, such as soil (Andreazza et al., 2012; De la Iglesia et al., 2012) , freshwater (Bai et al., 2012; Fortunato et al., 2012) and the ocean (Feng et al., 2009; Nogales et al., 2011) . The majority of these studies focused on exploring how the local microbial community interacted with the environmental factors concerned (Azarbad et al., 2013) ; a few studies compared the microbial community in a contaminated environment with that in a virgin environment (Reis et al., 2013) , or investigated the microbial communities in the environments at different distances from a pollution source (Yergeau et al., 2012) . To reduce the impact of pollutants on natural environments, wastewater treatment plants (WWTPs) employing activated sludge processes have been built worldwide, although many pollutants remain in the effluents flowing from the WWTPs to natural water bodies nearby. In such cases, the microbial community in the activated sludge reactor (an artificial environment) deals with the first-hand pollution, while the microbial community in the effluent receiving area (a natural environment) suffers second-hand pollution. There is, to our knowledge, no previous reports on the comparison of these microbial communities with an effluent connection.
Hangzhou Bay in southeast China is the inlet of the Qiantang River and the adjacent sea area of the Yangtze River. With the rapid economic development of the Yangtze River Delta in past decades, Hangzhou Bay has been badly polluted from land-sourced discharge. Around the Bay, nine large industrial parks have been built, where fine chemical, petrochemical, pharmacy, and textiles are key industries. Seawater quality in the bay has deteriorated even all wastewaters are treated by WWTPs before discharge to the bay. In recent years, Chinese researchers closely monitored nutrient levels and eutrophication in Hangzhou Bay (Qin et al., 2009; Gao et al., 2011) , and monitored some heavy metals (Fang & Wang, 2006; Zhang et al., 2008) , major and trace elements , and polycyclic aromatic hydrocarbons (Chen et al., 2006) in sediments of the bay. Researchers have also evaluated the ecological status of Hangzhou Bay by investigating macrozoobenthos (Yan et al., 2009; Shou et al., 2012) , zooplankton (Wang et al., 2008; Wei et al., 2012) and phytoplankton (Zhou et al., 2008) . However, the microbial community in the bay remains unknown, and thus microbial community change under the influence of industrial development cannot be tracked historically.
Among the coastal industrial parks around Hangzhou Bay, the Shangyu Industrial Area (SYIA), a fine-chemical industrial park located on the south bank, was selected as our research focus. The SYIA consists of over 100 enterprises, mainly producing pharmaceuticals, dyes and amine compounds. A large variety of industrial wastewaters are generated and treated immediately within each enterprises, and the effluents then piped to the WWTP of the SYIA, where all pretreated industrial wastewaters are merged, combined with domestic wastewater from Shangyu City and re-treated. The final effluent is discharged to Hangzhou Bay.
To explore the correlation between the microbial communities in the treatment processes and the effluentreceiving sea area, we selected a pharmaceutical enterprise (named as GB), an amino acid manufacturer (YT), the WWTP of the SYIA (hereafter SY) and the final effluentreceiving sea area in Hangzhou Bay (HZW) as study sites. Activated sludge samples were collected from the aeration tanks of the three WWTPs, and sediment samples were collected from the effluent discharge site. The bacterial and archaeal community structures of the collected samples were analysed by 454 pyrosequencing.
Materials and methods
Wastewater treatment systems and final effluent-receiving sea area
The location of the SYIA and connections between the study sites, abbreviated GB, YT, SY, and HZW, are shown in Fig. 1 .
The treatment processes and wastewater qualities of the three WWTPs are summarized in Table 1 . At GB, the pharmaceutical wastewater is characterized by its dramatic fluctuations in quality and high concentration of organic compounds, most of which are very difficult to biodegrade; at YT, the amino acid synthesis wastewater is characterized by its extremely high concentration of total nitrogen but relatively low concentration of organic compounds. SY treats 115 000 m 3 day
À1
, this comprising 40% domestic wastewater and 60% industrial effluents. Various pharmaceutical effluents contribute a large proportion (about 20%) and a few amine compound synthesis effluents contribute a small proportion (about 5%) to the total industrial influent at SY. The final effluent from SY is discharged at HZW (30°12.890 0 N, 120°51.550 0 E) in Hangzhou Bay. Seawater quality at HZW is detailed in Table 2 .
Activated sludge samples of about 50 g were collected in the aerobic biological tanks of the selected WWTPs at GB, YT and SY; and about 500 g surface sediment samples were collected at HZW using a surface sediment sampler (Van Veen, Hydro-Bios, Kiel-Holtenau, Germany). Samples were taken in winter (24 February) and summer (24 August) 2012.
DNA extraction and pyrosequencing
All samples were stored at À70°C until use. Then, 0.5 g of each sample was used to extract total DNA with a Power soil DNA isolation kit (Mo Bio, Carlsbad, CA) according to the manufacturer's instructions. All DNA samples were stored at À20°C for further application.
The bacterial and archaeal 16S rRNA genes of all samples were amplified by barcoded primers to construct a community library by high-throughput pyrosequencing. The primers and thermal programmes are listed in Table 3 . Pyrosequencing was performed as described by Bai et al. (2012) . Briefly, amplifications were performed in an ABI9700 thermocycler (ABI, Foster City, CA) using TransStart Fastpfu DNA polymerase (TransGen, Beijing, China). Technically triplicate positive PCR products were purified with an AxyPrep DNA Gel Extraction Kit (Axygen, Tewksbury, MA). DNA concentrations of the purified PCR products were measured using QuantiFluor-ST (Promega, Madison, WI). The amplicons from each reaction mixture were mixed in equal amounts based on concentration, and the amplicon libraries were generated by emulsion PCR according to the recommendations of 454 Life Sciences (Branford, CT). Sequencing was performed on a Roche Genome Sequencer GS-FLX using the 454/ Roche B Sequencing Primer Kit according to the manufacturer's protocol.
Sequencing data processing and statistical analysis
Mothur software (Schloss et al., 2009 ) was used to convert pyrosequencing flowgrams to sequence reads, which were analysed subsequently by standard pipeline using QIIME software (Caporaso et al., 2010) . Sequence reads were initially trimmed to remove the barcodes on the sequences. The trimmed sequences were filtered to eliminate low-quality and ambiguous reads, i.e. reads with ambiguous base > 0, sequence lengths < 200 bp or average sequence quality < 25. The filtered sequences were then denoised to further improve quality. Finally, putative chimeras were detected and excluded from the treated sequences with UCHIME (Edgar et al., 2011) .
The high-quality sequences remaining were clustered into operational taxonomic units (OTUs) using Mothur software, with a sequence identity threshold of 97%. Rarefaction and diversity statistics, including library coverage, Chao 1 value and Shannon index, were calculated for each sample after OTUs had been clustered. Taxonomy was assigned via the Silva database using the kmer searching pH was measured by a pH meter (Thermo Orion 868); COD was measured using the potassium dichromate method with an HACH-COD reactor and a colorimeter (HACH-DR890); TN and NH 3 -N were measured using the potassium persulfate oxidation method and salicylic acid-hypochlorite method, respectively, with a UV-VIS spectrophotometer (Shimadzu UV2401, Japan). ‡
In, the influent of the aerobic tank of each WWTP; Out, the effluent. §
The hybrid wastewater contains 60% industrial effluents and 40% domestic wastewater. ¶ -, Undetected. Table 2 . Seawater quality at the final effluent-discharge site (HZW) in Hangzhou Bay Seawater pH, DO and salinity were measured on site using a pH meter (Thermo Orion 868), a DO meter (Thermo 3-star bench top) and a salinity meter (Mettler ToledoSG3-ELK, Switzerland), respectively. COD was measured using the alkaline potassium permanganate method; NH 3 -N was measured using the indophenol blue spectrophotometric method; NO À 2 -N was measured using the naphthylethylenediamine spectrophotometric method; NO À 3 -N was measured using the zinc-cadmium reduction colorimetric method; TN and TP were measured using the potassium persulfate oxidation method. A UV-VIS spectrophotometer (Shimadzu UV2401) was used in the detection of N-species, TN and TP.
method by Mothur. Based on Bray-Curtis distances, principal coordinate analysis (PCoA), nonmetric multidimensional scaling (NMDS) and hierarchical clustering were determined and plotted using the R program (R Development Core Team, 2008) . All original and nonchimeric 454 sequences are archived at the NCBI Sequence Read Archive under accession number SRP030141.
Results

Diversity of Bacteria
Eight libraries of bacterial 16S rRNA genes were constructed by 454 pyrosequencing. In total, 58 861 valid reads of bacterial 16S rRNA genes were produced from 71 650 raw reads after quality filtering and removal of chimeric sequences. Average sequence length was 479 nt after adaptor and barcode primers have been trimmed. Library coverage, species richness, and biodiversity were estimated (Table 4 ).
Good's coverage ranged from 90.2% to 99.1%, except for the bacterial 16S rRNA library from HZW-Feb (77.4%), indicating that most of the libraries could well reflect the majority of the bacterial community in the samples. Rarefaction curves (see Supporting Information, Fig. S1 ) demonstrated that the richness of Bacteria in the sediment samples were significantly higher than that in all activated sludge samples. Similarly, the highest level of biodiversity was found in the sediment samples based on Shannon index values (Fig. S2a) . In both winter and summer, the order of bacterial richness and biodiversity was HZW>SY>GB>YT, implying that ecological niche determined the bacterial community composition.
In total, 103 bacterial classes were found in the filtered sequences across all samples, including 37 at SY, 44 at GB, 27 at YT and 71 at HZW. The bacterial classes of the samples were shown in Fig. 2a . The top dominant classes were found in the phylum Proteobacteria, with Alphaproteobacteria and Betaproteobacteria dominating in all samples, and Deltaproteobacteria abundantly present in GB as well as Gammaproteobacteria present in HZW. In addition, Flavobacteria and Ignavibacteria occurred as abundant classes in the activated sludge for industrial wastewater treatment in the summer. At the genus level, the numbers of detected bacterial genera were 122 (winter) and 82 (summer) at SY, 96 and 62 at GB, 62 and 35 at YT, and 214 and 190 at HZW. The dominant bacterial genera (abundance > 1%) are shown in Fig. 3 . Thauera, Truepera, and SM1A02 were the common bacterial genera detected in all samples. The dominant genera changed seasonally in all activated sludge samples. Although genera composition also changed seasonally in the sediment samples, the abundances of classified bacterial genera at HZW were all below 4%.
The PCoA (Fig. S3 ) revealed a clear clustering of two samples from the same site, further indicating the crucial effect of ecological niche on taxonomic composition of bacterial community. From the NMDS (Fig. 4a) , far from YT and HZW clusters, samples from GB were closer to those from SY, indicating a higher similarity of bacterial community between these two sites. The hierarchical cluster analysis (Fig. S4) confirmed that samples from the same site rather than from the same season clustered together, and moreover that GB and SY had a similar bacterial community.
To further track the similarity of bacterial communities, the shared OTUs among the four summer samples were analysed via a Venn diagram. As shown in Fig. 5a , two OTUs, classified as Actinobacteria, were shared Bacterial composition Archaeal composition Fig. 2 . Bacterial (a) and archaeal (b) classes in the samples. Sequences that could not be classified into any known group were assigned to 'Unclassified Bacteria' or 'Unclassified Archaea'. Sequences that could be classified into known groups but had a relative abundance < 1% were assigned to 'others'. among all the samples. However, shared reads in the two OTUs were minimal (< 0.4%) in the total of all samples. Excluding the two all-shared OTUs, a few classes in the phylum Proteobacteria were the shared OTUs among GB, SY and HZW as well as among GB, YT and SY; however, there were no shared OTUs among GB, YT and HZW or among SY, YT and HZW (Supporting Information, Table S1 ). Between any two samples, reads in the shared OTUs of bacterial 16S rRNA genes are summarized in Table 5 . Between the two sites with a direct effluent connection, SY and HZW shared many more reads and OTUs (52); GB and SY shared a fair number of reads and OTUs (35); and YT and SY shared fewer reads and OTUs (10). By contrast, between any two sites without direct effluent connection, far fewer reads and OTUs were shared.
Diversity of Archaea
Seven libraries of archaeal 16S rRNA genes were successfully constructed by 454 pyrosequencing. The sample of YT-Feb had a very low abundance of archaeal 16S rRNA genes (5.10910 5 copies g À1 of sludge detected by qPCR), and thus we failed to construct its archaeal 16S rRNA gene library as no PCR product was obtained after amplification. A total of 60 223 valid reads of archaeal 16S rRNA genes were generated from 71 487 raw reads. Average sequence length was 491 nt. The coverage of the libraries was acceptable, with Good's coverage ranging from 94.2% to 99.1% (Table 4) . As for the bacterial communities, the richness and biodiversity of Archaea in the sediment samples were significantly higher than in the activated sludge samples. The lowest archaeal biodiversity was found at SY based on Shannon index values (Fig. S2b) . In both winter and summer, the order of archaeal richness and biodiversity was HZW>YT>GB>SY, implying again that ecological niche dominantly determined the archaeal community composition.
Twenty archaeal classes were found in all samples, including 10 in SY, 9 in GB, 8 in YT and 18 ones in HZW. Different classes dominated in different samples (Fig. 2b) . Specifically, regardless of the season, Methanomicrobia absolutely dominated in the samples of SY and GB; Marine_Group_I dominated while Thermoplasmata and Halobacteria were presented to high levels in HZW. Halobacteria, Methanomicrobia and Soil_Crenarchaeot-ic_Group were the most abundant classes in the single sample of YT-Aug.
At the genus level, the numbers of detected archaeal genera were 17 (winter) and nine (summer) at SY, 15 and eight at GB, 22 and 18 at HZW, and 12 (only summer) at YT. The archaeal genera detected are detailed in Fig. 6 . Methanosarcina, Methanobacterium, Methanosaeta, Methanobrevibacter and Methanomethylovorans were the common archaeal genera in all samples.
The PCoA (Fig. S5) shows clustering of the samples from the same site, further indicating the effect of ecological niche on archaeal community taxonomic composition. The NMDS (Fig. 4b) revealed the similarity in the archaeal community between the samples from SY and GB, especially in winter. Hierarchical cluster analysis (Fig.  S6) indicates that, in addition to ecological niche, season was an additional factor accounting for archaeal community variability in the activated sludge.
To further track the similarity of archaeal communities, the shared OTUs among the four summer samples were analysed. As shown in Fig. 5b , four OTUs, classified as Methanomicrobia, were shared among all the samples. The shared reads accounted for 64.6% (SY), 12.6% (GB), 1.5% (YT), and 0.62% (HZW) in the total sequences of the corresponding samples. Excluding the four all-shared OTUs, Methanomicrobia and Methanobacteria were shared classes among any three of the samples (Table S2) . Between any two samples, the reads in the shared OTUs of archaeal 16S rRNA genes are summarized in Table 6 . Between the two sites with a direct effluent connection, GB and SY shared more reads and OTUs (24), and YT and SY as well as SY and HZW shared fewer reads and OTUs (18 and 15, respectively). By contrast, between the two sites without a direct effluent connection, the activated sludge samples from two industrial wastewater treatment systems shared the fewest OTUs (four), while the sediment sample from HZW shared more OTUs (21) with the activated sludge sample from YT, and the most reads and OTUs (45) with the activated sludge sample from GB. 
Discussion
Human activities generally lead to a decline in environmental quality and a decrease in biodiversity. Around Hangzhou Bay in south-east China, wastewaters generated from various industrial activities have been treated before discharge to reduce potential damage to the ecology of the bay. However, as an example shown in Table 1 , those WWTPs in the pharmaceutical enterprise and amino acid plant cannot effectively remove organic and nitrogenous pollutants, especially in winter. A comprehensive WWTP is of paramount importance in this industrial park to deal with all the industrial effluents as well as local domestic wastewater. The final effluent, still with high concentrations of chemical oxygen demand (COD) and total nitrogen (TN) ( Table 1) , could be harmful to the ecoenvironment of the effluent-receiving sea area. The coastal seawater is mixed with all nearby land-sourced effluents. Seawater quality is required to meet Class IV of the Seawater Quality Standard (GB3097-1997), where COD should below 5 mg L À1 and dissolved inorganic nitrogen (DIN) should below 0.5 mg L
À1
. As shown in Table 2 , seawater quality at HZW complied with this standard except for DIN, possibly due to the high TN discharge from the WWTP at SY.
In this study, we were interested in how the coastal microbial community might change under the influence of industrial effluents. From the analysis of both bacterial and archaeal biodiversity (Table 4 and Fig. S2 ), the microbial community of HZW was more diverse than that of any WWTP, although the coastal water environment was highly contaminated. Interesting and contrasting results were found in the samples from the three WWTPs, in that the order of biodiversity was SY>GB>YT for Bacteria but YT>GB>SY for Archaea. Wastewater quality was the major factor determining the artificial environment of the treatment system, where Bacteria and Archaea competed for nutrients.
At the bacterial class level, Proteobacteria dominated in both activated sludge and sediments in the 24 detected phyla. This was consistent with previous studies of WWTPs , Zhu et al., 2013) and sediments (Quan et al., 2010; Bai et al., 2012) , including sediment of the Yangtze River estuary (Feng et al., 2009) . At HZW, Betaproteobacteria was the main group of Proteobacteria in sediment samples, while Deltaproteobacteria was less abundant, supporting that Betaproteobacteria dominated in the surface sediments, while Deltaproteobacteria might be more abundant in deeper sediments (Huang et al., 2011) . In the WWTPs, the Flavobacteria, belonging to the phylum Bacteroidetes, was another main bacterial class. Flavobacteria was show to be abundant in a coking wastewater treatment system (Zhu et al., 2013) and an alkaline bioelectrochemical system (Bonmati et al., 2013) , exhibiting good resistance to toxicity and alkalinity. Specifically, the class Ignavibacteria detected in GB belongs to the phylum Chlorobi, which has been reported in wastewater treatment systems (Belila et al., 2013; Sanchez et al., 2013) . This phylum is also a group of anaerobic sulfur metabolic Bacteria (Bryant & Frigaard, 2006) , so the appearance of Ignavibacteria in the aerobic tank of GB should be attributed to the former anaerobic unit, upflow anaerobic sludge bed (UASB). Three bacterial genera commonly existed in all samples. Among them, SM1A02 belongs to the Planctomycetes, a phylum of aquatic Bacteria that has been detected in the ocean (Li & Wang, 2013) and WWTPs ; Thauera belongs to the Betaproteobacteria, which usually occurs in wet soil, polluted freshwater and certain wastewater treatment systems (Zhao et al., 2013) ; and Truepera belongs to the phylum Deinococcus-Thermus, a small group of Bacteria that are highly resistant to environmental hazards (Griffiths & Gupta, 2007) and has been shown to reside in WWTPs and extreme environments (Borsodi et al., 2013; Kim et al., 2013) . Such pollutantresistant genera probably indicate a microecological change in a contaminated water body.
Far fewer archaeal classes were detected in the samples. Moreover, differently sourced samples were characterized by different dominant classes. In the three WWTPs, all the dominant classes belong to the phylum Euryarchaeota.
The dominant class at GB and SY, Methanomicrobia, exists widely in wastewater treatment systems (Lin et al., Shi et al., 2012; Dungan & Leytem, 2013) and certain freshwater environments (Green et al., 2011) ; the dominant class at YT (with 20 g L À1 sulfate in the aerobic tank), Halobacteria, is habituated to high-salinity aquatic environments, such as the ocean (Yan et al., 1998; Dorador et al., 2010; Ciobanu et al., 2012) and salt ponds (Moune et al., 2003) . In the effluent-receiving area at HZW, the first dominant class, Marine_Group_I, is classified in the phylum Thaumarchaeota, and commonly exists in the marine environment (Durbin & Teske, 2011; Nitahara et al., 2011; Giovannelli et al., 2013) ; the second dominant class, Thermoplasmata, is classified in the phylum Euryarchaeota, and is regarded as methanogenic Archaea (Iino et al., 2013) found in shallow marine areas (Schneider et al., 2013) . Multivariate analyses revealed that ecological niche determined both bacterial and archaeal community structure, and that season had some influence on the archaeal community in the WWTPs. The effluent connection was factor in the adaptive similarity in the bacterial community, as a clear bacterial correlation was discovered between WWTPs and the effluent-receiving bay area, with samples collected from two sites with a direct effluent connection sharing more OTUs and reads (Table 5) . Although more archaeal genera were shared by all samples (Table 6 ), no clear archaeal correlation could be obtained in the track of the effluent direction. Therefore, similarity based on bacterial sequences, but not archaeal sequences, could be a better indicator to illustrate the ecological change of a coastal area under the impact of effluent contamination. More studies are needed regarding this issue. Fig. S1 . The rarefaction curves of 16S rRNA gene pyrosequencing. Fig. S2 . The Shannon curves of 16S rRNA gene pyrosequencing. Fig. S3 . The principal coordinate analysis (PCoA) for the bacterial 16S rRNA pyrosequencing data based on BrayCurtis distances. Fig. S4 . The hierarchical cluster analysis for the bacterial 16S rRNA pyrosequencing data based on Bray-Curtis distances using average linkage. Fig. S5 . The principal coordinate analysis (PCoA) for the archaeal 16S rRNA pyrosequencing data based on BrayCurtis distances. Fig. S6 . The hierarchical cluster analysis for the archaeal 16S rRNA pyrosequencing data based on Bray-Curtis distances using average linkage. Table S1 . The shared OTUs of bacterial 16S rRNA among any three samples. Table S2 . The shared OTUs of archaeal 16S rRNA among any three samples.
